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Abstract. A long term, multi-wavelength monitoring campaign on the TeV binary LS I +61 303 has been performed
utilizing >300 GeV observations with VERITAS along with monitoring in the 0.2-10 keV band by RXTE and Swift between
September 2006 and February 2008. The source was detected by VERITAS as a variable TeV source with flux values ranging
from 5-20% of the Crab Nebula flux with the strongest flux levels appearing around apastron. X-ray observations by RXTE
and Swift show the source as a highly variable hard X-ray source with flux values varying in the range of 0.5-3×10−11 ergs
cm−2s−1 over a single orbital cycle. The 2007-2008 RXTE data set also shows the presence of several extremely large flaring
episodes presenting a flux of up to 7.2×10−11 ergs cm−2s−1, the largest such flare recorded from this source. Comparison of
the contemporaneous TeV and X-ray data does not show a correlation at this time, however, the sparsity of data sets do not
preclude the existence of such a correlation.
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BACKGROUND
The galactic binary LS I +61 303 is one of the most
heavily studied binary star systems in the Milky Way,
and although the subject of many observational cam-
paigns, the fundamental identification of the system (i.e.
microquasar or binary pulsar) remains relatively unclear.
From observations detailed in [1, 2] it is clear that
the system can be classified as a high mass X-ray bi-
nary (HMXB) located at a distance of 2 kpc; the com-
ponents of the system consisting of a compact object
in a 26.496(±0.0028) day orbit around a massive BO
Ve main sequence star. Periastron passage of the com-
pact object occurs at φ =0.23 (here φ represents the
orbital phase ranging from 0.0 to 1, φ=0.0 set at JD
244336.775), with apastron passage occuring at 0.73,
and inferior and superior conjunctions occuring at 0.26
and 0.16 respectively [2]. LS I +61 303 has been histor-
ically an object of interest due to its periodic outbursts
at radio [3, 4] and X-ray energies [5, 6, 7, 8]. LS I +61
303 has also been identified with the EGRET source 3EG
J0241+6103, a source which shows evidence for 26.5
modulation in the GeV band [9]. More recently, LS I
+61 303 has been detected as a variable TeV gamma-
ray source [10, 11] with high emission appearing near
apastron passage.
The two main competing scenarios to explain the
system can be summarized as microquasar (i.e. non-
thermal emission powered by accretion and jet ejection)
or binary pulsar (i.e. non-thermal emission powered by
the interaction between the stellar and pulsar winds). The
microquasar model used to describe this system has sev-
eral drawbacks (for example, lack of blackbody X-ray
spectra), however the scenario has not been ruled out,
for example see Romero et al. (2007). The binary pulsar
model is possibly most strongly supported by the result
of Dhawan (2006) in which VLBA monitoring of the sys-
tem revealed a cometary radio structure around LS I +61
303 which was interpretated as the interaction between
the pulsar and Be star wind structures. However, there is
currently no evidence for the presence of a pulsar within
the system either in radio or X-rays.
OBSERVATIONS
The VERITAS array of telescopes located in Southern
Arizona (1268 m a.s.l, 31◦40’30”N, 110◦57’07” W, [12])
began full, 4 telescope array observations in April 2007
[13] and represents the most sensitive IACT array in
the Northen Hemisphere. The array is comprised of four
12m diameter Davies-Cotton telescopes with tesselated
mirror structures of 350 24m focal length hexagonal mir-
ror facets (comprising a total mirror area of 100 m2).
Each telescope focuses light onto 499 pixel PMT cam-
eras with a total field of view of 3.5◦. VERITAS is sen-
sitive in the 100 GeV to 30 TeV energy regime with an
energy resolution of ∼15-20% (energy and zenith angle
dependent) and an angular resolution of < 0.1◦ on an
event by event basis. VERITAS observed LS I +61 303
from September 2006 until February 2008 resulting in a
total of 58 hours of observations, covering nine 26.5 day
FIGURE 1. Detections and 99% flux upper limits resulting
from the 2006-2008 VERITAS observations on LS I +61 303,
binned by orbital phase.
orbital cycles. The observations were taken over a range
of elevations from 52◦ to 61◦ with different combinations
of 2,3, and 4 telescopes, resulting in an overall energy
threshold of 300 GeV. See [11] for a detailed description
of the VERITAS data reduction and analysis procedures.
The two RXTE [14] data sets used for this work were
accumulated first as a result of a Target of Opportunity
observation request in October 2006, and then as a suc-
cessful Cycle 12 Observation proposal for observations
in 2007 and 2008. After quality selection, the October
2006 ToO request resulted in 9 ks of total observation
time between 10/31/06 to 10/31/06. The observations, 1
ks pointings taken every other day, spanned the orbital
phase bins of φ = 0.14 → 0.83. Observations were ap-
proved in 2007/8 for 1 ks pointing every other day from
August 28, 2007 until February 2, 2008. These obser-
vations covered 6 full 26.496 day orbital cycles. Both
datasets were reduced by fitting each observation’s spec-
tra with an absorbed power-law between 3-10 kev and
then extracting an integrated flux over this energy range.
For details of the reduction and analyses procedures used
please see [15].
The Swift-XRT observations span the period of
September 2006 through September of 2007, with a total
of 97.3ks observing time. For a description of Swift and
the XRT instrument see [16]. These data are comprised
of many ∼1 ksec pointings, which are binned together
over bin widths of approximately 1 day. The maximum
span of a single binned observation is two days. The
Swift-XRT data were screened and processed using
the most recent versions of standard Swift tools: Swift
Software version 2.8, ftools version 6.5, and XSPEC
version 12.4.0. The data analysis procedure is similar to
that described in [17].
RESULTS
TeV
The data from the 2006/7 observing season com-
prised a total of 45.9 hours of observations (after data
quality selection) during the orbital phases of 0.2→0.9
with significant coverage of phases 0.4 to 0.9 (see Ac-
ciari et al. 2008). The source was detected at the 8.4σ
significance level for emission above 300 GeV. How-
ever, this detection only occurred between orbital cy-
cles 0.5→0.8 with the greatest TeV flux occuring be-
tween phases 0.6 and 0.8 at a peak flux of 10→20%
of the Crab Nebula flux (see figure 1). The source
was able to be significantly detected during a single
nights observations at times, most notably on the night
of October 27, 2006 (MJD 54035, orbital phase 0.72),
during which the source presented a 22.95% (±4.3%)
Crab Nebula flux at a significance of 6.1σ (see figure
3). The differential energy spectrum extracted from the
2006/2007 observations (phases 0.5-0.8 only) is well
fit by a powerlaw described by (2.39±0.32stat±0.6sys)
×(E−2.4±0.19stat±0.2sys)×10−12cm−2s−1TeV−1.
The 2007/8 season dataset is comprised of a total of 12
hours of four telescope observations taken between Oc-
tober 2007 and January 2008 spanning 4 separate orbital
cycles. These observations had significant coverage oc-
curring between 0.2→0.4 and 0.6→0.9. The 2007-8 ob-
servations show a much less active source, with a detec-
tion at a significance at the 4σ level for emission above
300 GeV. The source was not significantly detected dur-
ing the phases of 0.4→0.7 as in previous observing sea-
sons [10, 11], with a significant detection resulting from
observations during the orbital phases of 0.7→0.8 only.
However, this variation in detection may be due to un-
even orbital phase sampling more than intrinsic source
variation. The detection was not significant enough to
produce an energy spectrum. It should be noted that the
2007-8 season of observations included a considerable
amount of moonlight observations (which are not pre-
sented here) that raise the significance of the detection of
LS I +61 303. The results from these observations will
be presented in a forthcoming publication [18].
X-ray
Shown in figure 2 are the results of the 2006-8 X-
ray observations conducted by RXTE and Swift. As can
be seen, the X-ray flux in the 2006-7 season as seen by
both instruments shows a highly variable flux oscillating
between approximately 0.55 and 3×10−11ergs cm−2s−1
over the 26.496 day orbit. This variability is echoed in
the 2007-2008 dataset, however, the apparent modula-
FIGURE 2. The 2006-2008 X-ray monitoring of LS I +61
303 performed by RXTE and Swift binned by orbital phase.
tion with the orbital phase present in the 2006-7 data is
no longer evident.. The 2007-2008 RXTE dataset also
shows the presence of three exceptionally large X-ray
flaring points, reaching a peak flux on MJD 5436.96
of 7.2×10−11ergs cm−2s−1 during a ∼500s integration
window. This flare stands as the largest X-ray flare de-
tected from this source, a factor of 2-3 larger than the pre-
viously measured flares. There are several other powerul
X-ray flares occuring shortly after this flare in the RXTE
data. It should be noted that the Swift data points which
are temporally close to the RXTE flare points do not
show evidence for such strong flaring episodes. However,
the observation windows do not overlap and are sepa-
rated by several hours. This variability is examined in
further detail in Smith et al. (2008).
Combined Datasets
It is not clear from the data presented here that a
consistent correlation exists between emission in the
two bands. In figure 3 it can be seen that there are re-
gions of significant TeV emission detected contempora-
neously with X-ray flux which is above the average value
(∼1.5×10−11ergs cm−2s−1), for example October 27-30
2006. However, there are instances of significant TeV de-
tections with only marginally elevated X-ray emission
present as seen in the observations taken between Oc-
tober 8-11, 2007. Although no obvious correlation is
present between the two bands, it should be noted that
the TeV sampling is relatively sparse and no defiinitive
conclusions about a possible correlation can be made at
this time. A formal correlation study of the entire dataset
will be presented in [18].
Since no spectral information is available during
strictly simultanous observations in both X-ray and TeV
gamma rays, it is only possible to construct a quasi-
contemporaneous SED with the current dataset (figure
4). In this figure is shown the VERITAS energy spectrum
for LS I +61 303 which was derived only from the phases
0.5→0.8 in 2006-7 (when the source was active in that
season). This spectrum is plotted along with the EGRET
spectrum for the source from [8]. For the X-ray spectrum,
all data taken between orbital phases 0.5→0.8 by RXTE
was binned and a single spectrum was extracted. The
shaded areas in figure 4 represent the ranges in SED pos-
sible by extrapolating the associated error bars in each
band. It can be seen from this figure that (regardless of
emission mechanism) is is unlikely that emission in all
three bands can be fit by a single powerlaw.
SUMMARY
VERITAS has detected LS I +61 303 as a variable source
in the >300 GeV energy between 2006 and 2008. These
observations show large changes in both detected flux
maximum from year to year, as well as location in orbital
phase where the largest emission takes place. It is clear
that further, more comprehensive TeV observations must
be performed before a claim of strict periodicity can be
made in the TeV regime. The X-ray campaign performed
by RXTE and Swift over the same time period shows
similarly large variations in flux maxima and location
of maxima along the orbit. While previously believed to
be the most active in X-rays around phases 0.5-0.8, it is
clear from the 2007-8 RXTE monitoring that strong X-
ray activity is occuring at varying points of the orbital
phase. The large flares detected in the RXTE data stand
as the strongest X-ray activity detected from this source
to date.
Comparison of the overlapping X-ray and TeV data
do not show a clear correlation between emission states
at this time; however, due to the lack of densely sample
TeV data, a correlation cannot be ruled out at this time. A
more formal statistical correlation study between the two
bands, as well as additional data taken during VERITAS
moonlight observations is presented in [18]. The com-
parison of the derived X-ray, GeV, and TeV spectra show
that it is unlikely that emission in all three bands can be
described by a single powerlaw. Although no definitive
statement about ruling out or confirming possible scenar-
ios to describe LS I +61 303 (i.e. microquasar or binary
pulsar) can be made at this time, it is clear that further
multi-wavelength campaigns such as the work described
here may aid in modeling of the system.
FIGURE 3. The overlapping TeV and X-ray from the 2006-8 multiwavelength campaign.
FIGURE 4. The X-ray, GeV, and TeV spectra described in
the text along with the ranges allowed by extrapolating the
associated errors in each band.
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